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Within the ADD-model, we elaborate an idea by 
Vacavant and Hinchhffe P| and show quantitatively how 
to determine the fundamental scale of TeV-gravity and 
the number of compactified extra dimensions from data 
at LHC. We demonstrate that the ADD-model leads to 
strong correlations between the missing Et in gravitons 
at different center of mass energies. This correlation puts 
strong constraints on this model for extra dimensions, if 
probed at Vs = 5.5 TeV and y/s = lA TeV at LHC. 



Recently string theory motivated models with addi- 
tional space-time dimensions have moved into the center 
of attention in high energy physics. Depending on the 
size of the extra dimensions and the geometry of space- 
time three different kinds of extra dimensional models 
are usually discussed: the model of universal extra di- 
mensions [21 which allows all particles to propagate into 
the new dimensions, the model of Randall and Sundrum 
(RS) (3 with one "gravity-only" extra dimension and 
the ADD-model 0, Q with many "gravity-only" extra 
dimensions. Especially the RS- and ADD-models allow 
the introduction of a new fundamental scale Md of grav- 
ity in the TeV range. This drastic increase of the cou- 
pling strength of gravity on small scales compared to the 
Planck scale results in a vast amount of potentially ob- 
servable effects: 

• Black hole production in colliders and ultra high 
energetic cosmic rays (UHECR) H S S S E 111 

Eiailllillil, 

• increased neutrino cross sections in UHECR inter- 
actions in El El ii, 



• virtual graviton exchange processesfmUllllIll 

• direct graviton production as Kaluza-Klein reso- 
nances III 111 El 111 111 111 111 111 111 111 . 

Present limits on the new fundamental scale and the 
size and number of extra dimensions have been obtained 
from: direct measurements of the gravitational inverse 
square law js^ . hadron-hadron interactions at Tevatron 
Is RISfil. m odifications of cosmic ray cross sections llll 
l37l l38l Isgf and supernova explosions and cooling [iol l4ll |. 



While supernova cooling gives a very tight constraint 
of Mo > 500 TeV for (5 = 2, more than two extra dimen- 
sions lead to constraints of Mu of the order of a TeV. 
The Tevatron data constraints Md to be of the order or 
above 1 TeV. 

In this letter we elaborate on an idea by Vacavant and 
Hinchliffe 0. They discuss qualitatively how to deter- 
mine the number of extra dimensions from the ratio of 
cross sections for missing transverse energy at different 
center-of-mass (CMS) energies. In addition to their anal- 
ysis we focus on quantitative predictions and the strong 
correlations of the cross sections for graviton production 
at LHC within the ADD-model. 

Our presentation of the cross section for missing en- 
ergy at ^/s = 5.5 TeV and =14 TeV pp coUisions al- 
lows to directly read off both the Md and S values from 
the experimentally measured missing energy cross sec- 
tions from graviton production. Furthermore, we show 
that the ADD-model predicts very strong correlations of 
these cross sections for different CMS energies providing 
a crucial test of the ADD-scenario. 

For the calculations employed here we use the leading 
order parton + parton —>■ graviton + parton cross sec- 
tions given in [21|. The reader should be aware that the 
use of leading order cross sections can only be justified up 
to parton-parton center of mass energies of < 6Md- 
Thus, for Md <2 TeV and ^s^^ =14 TeV the present 
results might achieve corrections. The differential cross 
section for the production of a jet and a graviton in pp 
interactions is then obtained by folding the two particle 
cross sections with the parton distribution functions fi 
(here we use CTEQ6 Hi El): 
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with the transverse graviton mass mx, the rapidity y, 
Q2 2siu/[s^ + P + u^), and 
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TO being the mass of the graviton and 5*5-1 the surface 
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FIG. 1: Integrated cross section for missing Ej^ ^ £'T',mzn in 
pp-collisions at -^5 = 14 TeV for four extra dimensions and 
different fundamental scales Mr>- Lines denote our calcula- 
tion, symbols show calculations by Q. 



of the (5-unit sphere, dam/ dt is the elementary cross sec- 
tion for the production of a graviton of mass m |2ll |. It 
is interesting to note that the 1/Mpi in the transition 
matrix is cancelled by the phase space factor resulting in 
an enhanced cross section cx I/M"^^ . 

Due to their small interaction cross section with stan- 
dard model particles and their long lifetimes gravitons 
escape the detector region without a signal. Thus, gravi- 
tons will be observed indirectly by missing transverse en- 
ergy. 

Here we quantify the energy loss by demanding a 
minimum missing transverse energy £^T,mm in the mid- 
rapidity range (—3 < y < 3): 



a(AB^jet + G)|s, 

3 nOQ 

dy / dEx 



(3) 
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^^ d(j{AB jet + G) 
dydprdm 



In Fig. ^wc show the integrated cross section for miss- 
ing energy as given by Eq. 13 for four extra dimensions. 
The lines (from top to bottom) show the results for differ- 
ent values of the fundamental scale Md from 1 to 6 TeV. 
As a check we compare to Q (symbols). 

Let us now focus on how to extract the fundamen- 
tal scale and the number of space time dimensions in the 
ADD-model from data. The cross section for a mono-jet- 
and missing energy event depends on Mo and S, however, 
information on the cross-section at only one CM-energy 
leads to a set of different possible S and M o ■ Here, we 
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FIG. 2; Combinations of cross section at ET,min ~ 1 TeV 
for pp collisions at -^s — 5.5 TeV (horizontal axis) and ^/s — 
14 TeV (vertical axis). The thick lines denote possible cross 
section combinations from the ADD-model for fixed values of 
S and varying Md- The thin lines indicate equi-Mo values 
on the thick lines. 



suggest to combine more than one cross section measure- 
ments at different CMS energies. This allows to deter- 
mine the i5 and Mjj value, uniquely. 

To be specific we chose for the following analysis 
pp colhsions at ^ = 14 TeV and ^ = 5.5 TeV. If 
at -^s ~ 5.5 TeV only Pb+Pb data will be available, 
our proton-proton prediction could be scaled up by 
the number of binary collisions to the heavy system 
(neglecting shadowing corrections). 

For both CMS energies we extract the 5 and Md de- 
pendent cross sections at ET,min = 1 TeV. Fig. [2 shows 
the extracted combinations of cross sections consistent 
with the ADD-model. The thick lines denote calculations 
for fixed S and varying Alu while the thin lines indicate 
fixed Md values. From this correlation plot two qual- 
itatively different conclusions can be drawn when data 
becomes available: 

• If the measurements are off the thick lines, the miss- 
ing energy cannot be explained by graviton produc- 
tion in the ADD-model. 

• If the measurements are compatible with one of the 
thick lines, the missing energy can be attributed to 
graviton production in the ADD-scenario. Even 
more, the number of extra dimensions i5 and the 
new fundamental scale Md can be directly ex- 
tracted from Fig. [3 

In conclusion, within the ADD-model we predict 
strong correlations between the missing energies ob- 
served at different CMS energies at LHC. If the observed 
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energy loss is in agreement with the present calculation Acknowledgements 
it is possible to extract both the number of extra dimen- 
sions and the fundamental scale of gravity, uniquely, at 
the LHC. 

This work was supported by GSI, DFG, BMBF. JR 
thanks the Alexander von Humboldt foundation as a 
Feodor Lynen fellow. We thank Sabine Hossenfelder for 
discussions. 



Phys. 
Phys. 



Phys. Rev. D 65 (2002) 

Lett. B 525 (2002) 135 

Bleicher and H. Stocker, 
arXiv:hep-ph/0109085 . 
Rattazzi, Phys. Rev. D 



L. Vacavant and I. Hinchliffe, J. Phys. G 27 (2001) 1839. 
I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos 
and G. R . Dvah, Phys. Lett. B 436 (1998) 257 
| arXiv:hep- ph/9804398 . 

h. Randall and R. Sundrum, Phys. Rev. Lett. 83 

(1999) 3370 arXiv:hep-ph/9 905221 ; L. Randall and 
R. Sundrum, Phys. Rev. Tett"' 83 (1999) 4690 
arXiv:hep-th /9906064| . 

N. Arkani-Hamed, S. Di mopoulos and G. R. Dva li, 
Lett. B 429 (1998) 263 «arXiv:hep-ph/9803315". 
N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, 
Rev. D 59 (1999) 086004 arXiv:hep-ph/9807344j. 
T. Banks and W. Fischler, arXiv:hep-th/9906038l 
S. B. Giddings, in Proc. of the APS/DPF/DPB Sum- 
mer Study on the Future of Particle Physics (Snow- 
mass 2001) ed. N. Graf, eConf C010630 (2001) P328 

arXiv:hep-ph/0110127. 
S. B. Giddings and S. Thomas, 
056010 arXiv:hep-ph/0106219 
A. Ringwald and H. Tu, Phys. 

arXiv:hep-ph/0111042 . 
S. Hossenfelder, S. Hofmann, M. 
Phys. Rev. D 66 (2002) 101502 
R. Emparan, M. Masip and R. 
65 (2002) 064023 arXiv:hep-ph/0109287 . 
M. Bleicher, S. Hofmann, S. Hossenfelder and H. Stocker, 
Phys. Lett. 548 (2002) 73 arXiv:hep-ph/0112186 . 
S. Hofmann, M. Bleicher, L. Gerland, S. Hossenfelder, 
K. Paech and H. Stocker, J. Phys. G 28 (2002) 1657. 
M. Cavaglia, Int. J. Mod. Phys. A 18, 1843 (2003) 

arXiv:hep-ph/0210296 . 

M. Cavaglia, S. Das an d R. Ma artens, Class. Quant. 
Grav. 20, L205 (2003) a rXiv:hep- ph/0305223 . 
S. Hossenfelder, M. Bleicher, S. Hofmann, H. Stocker 
and A. V. Kotwal, Phys. Lett. B 566 (2003) 233 
arXiv:hep-ph/0302247 . 

S. Nussinov and R. Shrock, Phys. Rev. D 64 (2001) 
047702 arXiv:hep-ph/0103043 . 

A. Jain, P. Jain, D. W. McKay and J. P. Ralston, Int. J. 
Mod. Phys. A 17 (2002) 533 arXiv:hep-ph/0011310 . 
L. Anchordoqui, T. Paul, S. Reucroft and J. Swain, Int. 
J. Mod. Phys. A 18 (2003) 2229 arXiv:hep-ph/0206072 . 
T. Han and D. Hooper, New J. Phys. 6 (2004) 150 
arXiv:hep-ph/ 0408348^ . 

G. F. Giudice, R . Rattazzi and J. D . Wells, Nucl. Phys. 

B 544, 3 (1999) |arXiv:hep-p'ii7981 1291 . 

T. Han, J. D. Lykken and R. J. Zh ang, Phys. Rev. D 59, 

105006 (1999) arXiv:hep-ph/9811350 . 

D. Atwood, S. Bar-Shalom and A. Soni, Phys. Rev. D 61 

(2000) 054003 arXi v:hep-ph/9906400| . 



[24] T. Buanes, E. W. Dvergsnes and P. Osland, Eur. Phys. 

J. C 35 (2004) 555 arXiv:hep-ph/0403267 . 
[25] E. Dvergsnes, P. Osland and N. Ozturk, Phys. Rev. D 67 

(2003) 074003 arXiv:hep-ph/0207221 . 

[26] E. A. MirabeUi, M. Perelstein and M. E. Peskin, Phys. 

Rev. Lett. 82 (1999) 2236 arXiv:hep-ph/9811337 . 
[27] I. Antoniadis and K. BenakU, Int. J. Mod. Phys. A 15 

(2000) 4237 arXiv:hep-ph/0007226 . 
[28] D. Atwood, S. Bar-Shalom and A. Soni, Phys. Rev. D 61 

(2000) 116011 |arXiv: hep-ph/9909392 . 

[29] D. Atwoo d, S. Bar-Shalom and A. Soni, 

arXiv:hep-ph/9903538 
[30] S. C. Ahern, J. W. Norbury and W. J. Poyser, Phys. Rev. 

D 62 (2000) 116001 arXiv:gr-qc/0009059 . 
[31] T. G. Rizzo, arXiv:hep-ph/9910255 

[32] T. G. Rizzo, in Proc. of the APS/DPF/DPB Sum- 
mer Study on the Future of Particle Physics (Snowmass 
2001) ed. N. Graf, eConf C010630 (2001) P301 [eConf 
C010630 (2001) E3021] arXiv:hep-ph/0108235 . 

[33] S. CuUen, M. Pere lstein an d M. E. Peskin, Phys. Rev. D 
62 (2000) 055012 |arXiv:h ep-ph/0001166 . 

[34] CD. Hoyle et al. VrXiv:hep-ph/0405262 ; 

C. D. Hoyle, D. J. Kapner, B. R. Heckel, E. G. Adel- 
bergcr, J. H. Gundlach, U. Schmidt and H. E. Swanson, 
arXiv:hep-ph/0405262 

E. G. Adelberger, B. R. Heckel and A. E. Neb 
son, Ann. Rev. Nucl. Part. Sci. 53 (2003) 77 
arXiv:hep-ph/0307284 . 
[35] B. Abbott et al. [DO Collaboration], Phys. Rev. Lett. 86 

(2001) 1156 arXiv:hep-ex/0008065 . 

[36] D. Acosta [CDF Collaboration], Phys. Rev. Lett. 92 

(2004) 121802 ar Xiv:hep-ex/0 309051 . 

[37] L. A. Anchordoqui, 7. 17 Feng, H. Goldberg and 
A. D. Shapere, Phys. Rev. D 65 (2002) 124027 
|arXiv :hep-ph/0112247 . 

[38] D. Kazanas and A. Nicolaidis, Gen. Rel. Grav. 35 (2003) 
1117 arXiv;hep-ph/0109247 . 

[39] G. Sigl, arXiv:hep-ph/0207254 

[40] S. CuUen and M. Perelstein, Phys. Rev. Lett. 83 (1999) 

268 arXiv:hep-ph/9903422 . 
[41] S. Hannestad and G. G. Raffeh, Phys. Rev. D 67 

(2003) 125008 [Erratum-ibid. D 69 (2004) 029901] 
arXiv:hep-ph/0304029 . 
[42] J. Pumplin, D. R. Stump, J. Huston, H. L. Lai, 

P. Nado lsky and W. K. Tung, JHEP 0207 (2002) 012 

[arXiv:he p-ph/0201195 . 
[43] D. Stump, J. Huston, J. Pumphn, W. K. Tung, H. L. Lai, 

S. Kuhlmann and J. F. Owens, JHEP 0310 (2003) 046 
arXiv:hep-ph /0303013. . 



